Abstract-A fast and efficient method for analyzing an inset dielectric guide is presented using the Fourier transform technique with a modified perfectly matched boundary. In order to deal with an open region, a novel idea, modified perfectly matched boundary condition (PMB), has been proposed. By introducing the modified PMB, the numerical integral has been avoided and the accuracy of the numerical solution has been improved. Moreover, the singular behavior of the fields at metal edge is taken into account in the analysis. The numerical examples are shown that the convergence of the solution is very fast and the relative error less than 0.07% is attained even if only the first term is considered in the field expansion of the guide. The numerical results of the propagation constants for single-and double-layered inset dielectric guides agree well with those of literatures.
INTRODUCTION
An inset dielectric guide consisting of a rectangular groove filled with a dielectric medium is a low-loss transmission line in microwave and millimeter wave range [1] [2] [3] [4] . Due to the low-cost and easy fabrication, the inset dielectric guide is expected as a promising devise for millimeter-wave integrated circuits and surface wave antennas with a low cross-polarization [5, 6] . During the past decade, the modal properties of the guide are extensively investigated by using the effective dielectric constant method [7] , the transverse resonance diffraction method [6, [8] [9] [10] , and mode matching method [11] . The effective dielectric constant method utilizes the transverse resonance condition for an equivalent structure with an effective dielectric constant. The transverse resonance diffraction method derives an integral equation for the aperture field of the groove, which is solved by using the Galerkin's method taking into account the field singularity at the metal edge. In the mode-matching method, the parallel metal walls is assumed at some distance away from the groove in the lateral direction and the fields in the cover region are approximated in terms of discrete parallel-plate waveguide modes.
In this paper, we propose an efficient method for analyzing an inset dielectric guide using the Fourier transform technique combined with a modified perfectly matched boundary(PMB). In this approach, the semi-infinite region over the guide is divided into two sub-regions, and a virtual boundary of perfectly electric conductor (PEC) or perfectly magnetic conductor (PMC) is assumed in the upper subregion. Under the assumed boundary, the fields in each sub-region are represented by the Fourier integral and matched to those inside the guide expressed in terms of normal modes. Since the original semi-infinite region is replaced by the bounded region, and this modematching procedure is performed using a simple residual calculus, then an infinite set of linear equations is obtained. In order to obtain a fast convergence of the solution, the tangential components of the electric fields on the aperture are expanded in terms of the Gegenbauer polynomials multiplied by weighted functions [2] , which satisfy the field singularity at the metal edge. This enables us to transform the original set of linear equations into a new set of equations with very fast convergence. Moreover since the components of electric field is independently expanded, this method is easily applied to complex edges. It is shown that the convergence of our numerical results is very fast and the relative error is one quarter or less of those obtained by the transverse resonance diffraction method [2] under the same condition. The numerical results for single-and double-layered inset dielectric guides agree well with those of literatures [2, 8, 10] 
MODIFIED PERFECTLY MATCHED BOUNDARY CONDITION
When open-waveguide structures are concerned, we experience inevitably a common troublesome related to the fields representation in the open region. The fields in the open region are expressed in terms of the continuous Fourier spectrum. This requires a numerical integration in spectral domain to obtain the solutions. One possible way to avoid such a numerical integration is to assume a fictitious PEC or PMC boundary at a fixed distance away from the open-waveguide. In this paper, we propose a novel idea for the perfectly matched boundary to deal with the open region. The similar idea has been proposed by Shen and Macphie [12] for analyzing a monopole antenna fed by coaxial lines. However their PMB model is not suitable for the eigenvalue problems of open-waveguides. To apply the idea of PMB to the eigenvalue problems, we shall propose a modified PMB by introducing a buffer region, in which the fields satisfying PEC couple with those of PMC fields under a prescribed condition. The boundary conditions of the fields of modified PMB can be written on the boundary y = y a of the buffer layer as follows:
with the additional constraints which are given by any two of four equations as
Note that two equations chosen from (3) and (4) are necessary to determine the fields uniquely, because the left hand sides of (1) and (2) contain four unknowns and the right hand sides contain two unknowns. It is noted that the sum of the reflected fields from the PEC and PMC walls becomes zero for any frequency and any polarization, when the incident fields are same for the both walls located at the same position. These conditions are expressed by the following four equations:
The superscript + denotes the fields propagating in the plus y-direction with the y dependence of e −jηy , where Im (η) ≤ 0. If the equations (5) and (6) were applied instead of (3) and (4) (3) and (4) . The detail proof is shown in the Appendix. The introduction of this approximation leads to the modified PMB. It is shown that the solutions obtained by the modified PMB converge very fast and the accuracy is superior to the conventional PEC boundary or PMC boundary.
FORMULATION
The cross section of an inset dielectric guide is shown in Figure 1 , where a boundary of perfectly electric conductor or perfectly magnetic conductor is a virtual boundary introduced for the convenience of analysis. The cross sectional area is divided into three regions I, II, and III . The strip region II is an additional buffer to improve calculating accuracy. The region III is the upper semi-infinite (y > d) free-space of the original guide without PEC and PMC boundaries, and the region III denotes the free-space within d ≤ y ≤ c bounded by the virtual PEC and PMC boundaries. The electromagnetic fields in the region I are derived from the electric and magnetic Hertzian vectors expressed as where
is the intrinsic impedance in free space, β is the propagation constant of the guided mode, and A h m and A e m are unknown coefficients. We note that the electric field denoted by eqns. (7) and (8) satisfies the boundary conditions on the walls at x = ±a, and y = −b. The fields in the region II can be expressed by the Fourier integrals as follows:
where
to B e (ξ) are unknown spectral functions, and an infinitesimal small loss has been assumed in the wavenumber k 0 of free space, which is finally reduced to zero. The field components in the region III are derived from the Hertzian vectors expressed by Fourier integrals as
where η = k 2 0 − β 2 − ξ 2 and C h (ξ) to D e (ξ) are unknown spectral functions. The fields (E IIIe , H IIIe ) satisfy the PEC boundary conditions at y = c, and the fields (E IIIm , H IIIm ) satisfy the PMC boundary conditions at y = c. The tangential components of electric and magnetic fields derived from (7)- (14) should be continuous across the boundaries y = 0, and the fields on the plane y = d satisfy the modified PMB condition as described in (1)- (4), here we choose equation (3) to be the additional constraint equations.
The boundary condition for the electric fields at y = d are first applied. The electric fields derived from (9)- (14) are substituted into (17), and Fourier transforms are calculated, then we obtain
Using (19) and (20) into (11)- (14), the magnetic fields on the plane y = d can be derived from (9)- (14) that contain only the unknown functions of B e (ξ) and B h (ξ). Substituting these results into the relationship (18), and taking Fourier transform with respect to x, then we have
where (7) and (8) the tangential components of the electric fields on the aperture can be derived as follows:
In the same way, the electric fields in the region II can be derived from (9) and (10).
Substituting (22)- (25) into the boundary condition (15), and then taking Fourier transforms about x, this leads to a set of equations which relate the spectral functions A h,e (ξ) to the expansion coefficients A e m and A h m as follows:
Substituting (21), (26) and (27) into (9) and (10) x,z (x, 0, z) derived from (7) and (8) . Then we integrate (16) from x = −a to x = a after multiplying both sides by the trigonometric functions sin τ n (x+a) or cos τ n (x+a), where n is nonnegative integers. This leads a set of linear equations for the expansion coefficients A h m and A e m as follows:
We can see that the integrands of (33) and (34) become one-valued functions under introducing the modified PMB. Therefore the integrals in (33) and (34) can be evaluated by the residual calculus, and then I 1 (m, n) and I 2 (m, n) are expressed in terms of the series with very fast convergence [15] . Since these integrals are zero when m + n is odd number, the system of linear equations can be decomposed into two independent sets. One corresponds the set of equations with the even number of m and n, and another one corresponds to those with the odd number of m and n. If the number of mode expansion is truncated by m = n = N , the set is finally rendered into a matrix equation z,x (x, 0, z) as follows:
where the functions of C [14] the integrals are found.
Substituting (35) and (36) into (22) and (23), respectively, and using the orthogonality of the trigonometric functions together with (37) and (38), we have
Substituting (39) and (40) for even µ into (31) and (32), a new set of linear equations in terms of the coefficients B m and D m is derived for the even modes as follows:
When the number of expansion coefficients is truncated by m = n = N , the linear system (39) and (40) is finally rendered into a matrix equation for B m and D m . Then the propagation constant β of even modes can be determined from the requirement that a nontrivial solution of the matrix equation is obtained. In the same way, the matrix equation for the odd modes is derived by substituting (39) and (40) for odd µ to (31) and (32). 
NUMERICAL RESULTS
The proposed method has been applied to the analysis of an inset dielectric guide with a single-layered or double-layered dielectric. We first consider the single-layered inset dielectric guide. The convergence of the normalized propagation constant β/k 0 of the fundamental mode is shown in Table 1 as the function of location of assumed PEC and PMC boundaries with different width of the buffer region for 2a = 10.16 mm, b = 15.24 mm, r = 2.08 − j0.000416, and f = 8 GHz.
The truncation number of mode expansion is chosen to be N = 2. It is seen that the relative errors in the propagation constant are less than 0.0002% when the width d/λ of buffer region and the location c/λ of PEC and PMC boundaries are greater than 0.05 and 0.7, respectively. From this results the virtual boundary may be regarded as a perfectly matched boundary. The propagation constants β of the fundamental mode for various frequencies are shown in Table 2 as the function of the mode truncation number N and compared with those obtained by the TRD method [2] and the measured data [8] . The buffer width and the location of the PEC (or PMC) boundary is assumed at d/λ = 0.05 and Table  1 .
Present Method TRD Ref. [2] Meas. c/λ = 0.75, respectively, and the values of other parameters are the same as those given in Table 1 . The results of the present method are in very good agreement with those of TRD method and the measured data. It is note that the relative errors by the present method are less than 0.07% even if only one expansion coefficient with N = 0 is considered. Figure 2 shows the convergence of the propagation constant of dominant mode as functions of the location c/λ of PEC and PMC boundaries. The curves a, b and c were obtained by the present perfectly matched boundary with the buffer width d/λ = 0.05, 0.15, 0.25. The curves d and e were obtained by PEC boundary and PMC boundary, respectively, without the buffer region. We can see that the convergence is much faster in the perfectly matched boundary than in the PEC or PMC boundary. It is worth emphasizing that the calculation of the integrals of (33) and (34) becomes easier as the value d/λ decreases. This results confirm the effectiveness of the perfectly matched boundary. Table 3 shows the convergence of the propagation constant β of the dominant mode of an inset dielectric guide for different widths d/λ of the buffer region. When the buffer width is zero, the propagation Table 3 . Convergence of the propagation constant β (m −1 ) of the dominant mode of an inset dielectric guide for different widths d/λ of the buffer region. The values of other parameters are the same as those given in Table 1 . Table 1 .
Eqs. (43) [2] , and the cross symbols are the measured data [8] .
inset guide using the perfectly matched boundary. Table 4 shows the convergence of the propagation constant β calculated from the different linear systems. It is seen that the convergence behavior is noticeably improved by introducing the edge condition into the expansion of the aperture fields (35) and (36). Figure 3 shows the dispersion curves of several lowest even modes and odd modes in x-band for the single-layered inset dielectric guide with the same configuration parameters given in Table 1 . The PEC and PMC boundaries are assumed at c/λ = 0.7, the buffer width is d/λ = 0.05, and only one expansion coefficient with N = 0 is considered on the aperture. The present results are in close agreement with those of TRD method [2] and the measured data [8] . 
CONCLUSION
A fast and efficient method for the analysis of inset dielectric guides has been presented using the Fourier transform technique with a modified perfectly matched boundary. In this approach, a novel idea, modified perfectly matched boundary, has been proposed in order to deal with the open region. This modified PMB avoids the numerical integral, then the accuracy of the numerical solution has been improved and the computer time has been reduced. Moreover, the singular behavior of the fields at metal edge is taken into account in the analysis. It is shown that the convergence of the solution is very fast and relative error less than 0.07% is attained even if only the first term is considered in the field expansion of the guide. The numerical result of the propagation constants for single-and double-layered inset dielectric guide agree well with those of literatures. 
APPENDIX A. PROOF OF THE MODIFIED PMB CONDITION
The cross section of an open-waveguide is shown in Figure 5 , where PEC (or PMC) located at the plane y = y b is a virtual boundary. The cross sectional area is divided into two regions I and II . The region II denotes the upper semi-infinite (y > y a ) free-space of the original guide without PEC and PMC boundaries, and the region II denotes the free-space within y a ≤ y ≤ y b bounded by the virtual PEC and PMC boundaries. The original fields in the region II can be expressed by the electric and magnetic Hertzian vectors as follows:
is the wave number and β is the propagation constant of a waveguide mode. The spectral functions A h (ξ) and A e (ξ) can be expressed by the tangential components of the electric fields on the plane of y = y a .
and Z 0 = µ 0 / 0 is the intrinsic impedance in free space. Substituting (A3) and (A4) into (A1) and (A2), we have
From (A6) and (A7), the tangential components of magnetic fields can be derived as follows:
Up to now, we have obtained the exact expression of the tangential components of magnetic fields on the boundary plane y = y a for the original problem.
In the same way, the fields in the region II with PEC located at the plane y = y b can be expressed by the Hertzian vectors, which can be written in terms of the tangential components of electric fields [E xe (x, y a , z), E ze (x, y a , z)] on the plane y = y a .
Π e e (x, y, z) =ŷ 2π
The tangential components of magnetic fields on the boundary plane y = y a can be derived from (A10) and (A11).
If assume |β| > k 0 and E xe,ze (x, y a , z) = E x,z (x, y a , z), by comparing (A8) and (A9) with (A12) and (A13), respectively. Since
we have Assuming |β| > k 0 , E xm,zm (x, y a , z) =E x,z (x, y a , z), and comparing (A8) and (A9) with (A19) and (A20), respectively, we obtain the same conclusion with the PEC case. On the other hand, if assuming E xe,ze (x, y a , z) = E xm,zm (x, y a , z) = E x,z (x, y a , z), which corresponds to (1) and (3) 
we have 
Comparing (A22) with (A15), we can see that the values of the tangential components of magnetic fields is much closer to those of the original structure by the modified PMB than by only PEC and by only PMC. This means that the accuracy of the obtained solution is much higher with the modified PMB, whose boundary conditions are the continuous conditions (1) and (2) with the additional constraints (3), than with the only PEC (and with only PMC). For the rest three choices of the additional constraints, the same conclusions can be proved too in the same way.
